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Mammals generate external coloration via ded-
icatedpigment-producing cells but arrange pig-
ment into patterns through mechanisms largely
unknown. Here, usingmice asmodels, we show
that patterns ultimately emanate from dedi-
cated pigment-receiving cells. These pigment
recipients are epithelial cells that recruit mela-
nocytes to their position in the skin and induce
the transfer of melanin. We identify Foxn1 (a
transcription factor) as an activator of this ‘‘pig-
ment recipient phenotype’’ and Fgf2 (a growth
factor and Foxn1 target) as a signal released by
recipients. When Foxn1—and thus dedicated
recipients—are redistributed in the skin, new
patterns of pigmentation develop, suggesting a
mechanism for the evolution of coloration. We
conclude that recipients provide a cutaneous
template or blueprint that instructsmelanocytes
where to place pigment. As Foxn1 and Fgf2 also
modulate epithelial growth and differentiation,
the Foxn1 pathway should serve as a nexus
coordinating cell division, differentiation, and
pigmentation.
INTRODUCTION
It is well known that external coloration affects the survival
and reproduction of animals, as pigmentation can provide
camouflage, prevent damage from light, influence body
temperature, and facilitate social interactions, such as the
acquisition of mates. Consistent with these diverse func-
tions, coloration itself can be strikingly diverse, as popula-
tions vary in both the types of pigment produced and
the arrangement of pigments into patterns. For centuries,
this diversity has attracted human interest, and in recent
decades, much has been learned about the production
of pigment. Nonetheless, much remains unknown about932 Cell 130, 932–942, September 7, 2007 ª2007 Elsevier Inc.the patterning of pigmentation, in particular, how patterns
become organized and new patterns emerge over time.
Mammals develop most of their coloration through a
system comprised of two types of cells (reviewed in Slo-
minski et al., 2004), referred to here as pigment donors and
recipients. The pigment donors are melanocytes, which
synthesize melanin in distinct organelles called melano-
somes. The pigment recipients are epithelial cells, which
acquire and hold most cutaneous melanin. As the system
forms, each melanocyte extends dendrites and contacts
multiple epithelial cells, creating a ‘‘pigmentary unit.’’ Me-
lanosomes are then transported along the dendrites and
into the epithelial cells, which may internalize the melano-
somes via phagocytosis. As donors connect directly to
recipients, melanin is placed in precise locations, which
often differ among or within species. In humans, pigment
is targeted to the epidermis and a subset of hairs. In
mice, the hair coat receives most of the melanin produced,
as the coat-covered epidermis loses the melanocyte line-
age in early life and thus remains unpigmented. Once
inside epithelial cells, melanin plays site-specific physio-
logical roles (e.g., UV protection in the case of human epi-
dermis). Thus, in mammalian skin, pigmentary tasks are
sharply divided, as one cell type creates pigment while
another puts it to use.
With their melanosomes and dendrites, melanocytes
are highly specialized cells and clearly built for the produc-
tion and distribution of pigment. Accordingly, it may be
asked whether epithelial cells are built for melanization,
that is, whether pigment recipients are specialized coun-
terparts to pigment donors. As the skin develops its partic-
ular pattern of coloration, some epithelial cells become
melanized while others do not. At the morphological level,
there is no basis for this difference, as epithelial cells pro-
duce no observable structures that facilitate or prevent
pigmentation. At the functional level, there is little informa-
tion about pigment recipients and no trait known to distin-
guish these cells from the unmelanized population. Thus,
it has never been determined whether epithelial cells,
like melanocytes, are specially dedicated to pigmentary
functions. Moreover, little is known about the role of epi-
thelial cells in the development of pigmentary interactions.
In particular, it has never been shown whether epithelial
cells are primarily ‘‘reactive,’’ acquiring pigment if a mela-
nocyte offers it, or ‘‘proactive,’’ recruiting melanocytes
and inducing the transfer of pigment. Thus, the question
arises as to how the skin forms pigmentary units, and by
extension, what determines where pigment is placed.
Foxn1 (Whn, Hfh11) is a murine gene essential for the
proper development of several epithelial tissues, including
tissues with melanocyte populations. Its product has the
properties of a transcriptional activator, as it contains a se-
quence-specific DNA-binding domain (Nehls et al., 1994;
Schlake et al., 1997) and a negatively charged transactiva-
tion domain (Brissette et al., 1996; Schlake et al., 1997;
Schu¨ddekopf et al., 1996). In rodents, the loss of Foxn1
function results in the nude phenotype (Nehls et al., 1996,
1994), which is characterized by the lack of visible hair
(Flanagan, 1966), defects in the epidermis (Ko¨pf-Maier
et al., 1990; Lee et al., 1999), impairments in mammary
gland development (Militzer and Schwalenstocker, 1996;
R. Baxter and J.L.B., unpublished), aberrant differentia-
tion of nails (Mecklenburg et al., 2004), and absence of
a thymus (Pantelouris, 1968). Human FOXN1 is 86% iden-
tical to its murine counterpart (Schorpp et al., 1997), and
a nonsense mutation in FOXN1 is associated with T cell
immunodeficiency, congenital alopecia, and nail dystro-
phy (Frank et al., 1999). Thus, the loss of FOXN1 activity
leads to a disease that closely resembles the nude pheno-
type, demonstrating the functional conservation of the
Foxn1 orthologs.
In this study, we identify novel functions for Foxn1 and
epithelial cells in the development of coloration. At spe-
cific cutaneous sites, epithelial cells use Foxn1 to recruit
melanocytes and induce their own pigmentation. Foxn1
thus defines a distinct cell population that ultimately
controls the targeting of pigment in the skin.
RESULTS AND DISCUSSION
Foxn1 in Murine Skin
In mice, Foxn1 expression appears restricted to epithelial
cells and has been detected in various organs, such as the
skin, thymus, mammary gland, and eye (Lee et al., 1999;
Nehls et al., 1996). In the epidermis, Foxn1 is induced as
cells lose the ability to divide and initiate terminal differen-
tiation (Lee et al., 1999; Prowse et al., 1999). Hair follicles
exhibit a comparable Foxn1 expression pattern, as Foxn1
becomes active during cellular transitions from prolifera-
tion to differentiation (Lee et al., 1999). Within epithelial
cells, the Foxn1 protein localizes to the nucleus (Prowse
et al., 1999), consistent with the actions of a transcription
factor. As the epidermis matures, Foxn1 activity mirrors
the tissue’s dynamics; the number of Foxn1-expressing
cells peaks while the epidermis develops, then falls after
birth as the tissue thins, fewer cells divide or differentiate,
and melanoblasts disappear (Lee et al., 1999). A similar
correlation exists between the transcription of Foxn1 and
the dynamics of the hair cycle (Lee et al., 1999; Meier et al.,
1999). Foxn1 expression peaks during anagen, whena hair is produced, then falls during catagen and telogen,
when the follicle shortens, becomes quiescent, and loses
its differentiated melanocytes.
Figure 1 shows immunofluorescent staining for Foxn1
as a hair grows from a mature follicle. Foxn1 was detected
primarily in the differentiating precursors of the hair cortex,
which generate the main structural support for the hair
shaft and receive pigment from melanocytes. Foxn1 is
normally present therefore in epithelial cells acquiring a
keratinized and melanized phenotype. This localization
of Foxn1 is consistent with the findings of previous stud-
ies, which detected the expression of the Foxn1 promoter
(Lee et al., 1999), the Foxn1 mRNA (Lee et al., 1999; Meier
et al., 1999), and an amplified Foxn1 locus (Cunliffe et al.,
2002) in the precortex.
Pigmentation and a Gain of Foxn1 Function
To elucidate the role of Foxn1 in epithelial morphogenesis,
we generated transgenic mice that produce full-length
Foxn1 from the promoter for keratin 5 (KRT5; Figure 2A)
(Ohtsuki et al., 1992). This promoter is active in cutaneous
epithelial cells capable of proliferation and lacking differ-
entiated features. Thus, the transgene should misexpress
Foxn1 in epithelial progenitor populations, which like me-
lanocytes typically border the dermis and attach to the
basement membrane.
In general, the Krt5-Foxn1 transgenics were healthy and
fertile, though on rare occasions, a runted pup with flaky
skin and sparse hair emerged from a backcross. While
Figure 1. Foxn1 Is Expressed in Melanocyte Target Cells of
the Hair Follicle
Wild-type murine hair follicles are shown at postpartum day 9 (P9).
Foxn1 was stained by immunofluorescence (red). DNA was stained
with Hoechst dye 33258 (blue). PC, precursor cells of the hair cortex;
FP, follicular papilla. The scale bar represents 20 mm.Cell 130, 932–942, September 7, 2007 ª2007 Elsevier Inc. 933
Figure 2. Targeting Foxn1 to the Epidermis Induces Epidermal Pigmentation
(A) Schematic diagram of the Krt5-Foxn1 transgene.
(B) Gross pigmentation of wild-type (WT) and transgenic (TG) skin at P14. Facial regions and footpads are compared.
(C–F) Masson-Fontana staining of wild-type (C and E) and transgenic (D and F) skin at P10. Melanin is stained black-brown.
(G and H) TTA analysis of wild-type (G) and transgenic (H) skin at P4. Tyrosinase-positive cells are shown in red.
(I and J) Immunofluorescent staining of wild-type (I) and transgenic (J) skin at P9. Foxn1 staining is red.
In panels (G)–(J), DNA staining is blue. Arrowheads mark the dermal-epidermal border in panels (C)–(J). SC, stratum corneum; IF, infundibulum; SG,
sebaceous gland; HS, hair shaft. The scale bars represent, respectively, in (C) and (D), 15 mm; (E) and (F), 50 mm; and (G)–(J), 20 mm.most mice seemed unharmed by the transgene, the trans-
genics were still distinguishable from their wild-type litter-
mates, as their skin grew dark at sites with little or no hair,
such as the footpads and snout (Figure 2B). As this color934 Cell 130, 932–942, September 7, 2007 ª2007 Elsevier Inc.change suggested melanogenesis, skin was stained for
melanin using the Masson-Fontana technique. Consistent
with the darkened coloration, melanin appeared at new
sites, as the epidermis was extensively melanized in both
haired (Figures 2C–2F and Figure S1 in the Supplemental
Data available with this article online) and hairless regions.
Most of this pigment was located in the basal layer, where
many epithelial cells stained positive. Suprabasal kerati-
nocytes were melanized as well, though their melanin con-
tent was lower, and melanin-positive cells extended into
the stratum corneum, where they accumulated as dead,
pigmented squames (the end products of keratinocyte dif-
ferentiation; Figures 2D and S1). In haired transgenic skin,
pigment appeared within the follicular infundibulum (an
epithelium similar to the epidermis) and around the seba-
ceous gland (an epithelial derivative; Figures 2D and S1).
No changes were observed in the coloration of the dermis,
which normally exhibits sporadic melanocytes. Thus, the
transgene specifically induced the melanization of epider-
mal keratinocytes and related cells, thereby converting
the epidermis into a pigmented tissue.
Given this novel melanization pattern, the skin was next
probed for melanocytes and their precursors using TTA
(tyramide-based tyrosinase assay; Figures 2G–2H) or an-
tibodies to Kit (Figure S2). Whereas wild-type epidermis
rapidly lost pigment cells after birth, transgenic epidermis
did not exhibit this cell loss. Instead, as transgenic skin
matured, numerous melanocytes remained in the epider-
mis as well as superficial regions of the hair follicles. These
pigment cells were located primarily in the basal layer,
though suprabasal melanocytes were also detected.
This distribution of melanocytes was observed in three
independent transgenic lines, showing that the transgene
itself (not the site of insertion) produced the phenotype.
Moreover, the phenotype correlated with the transgene’s
expression pattern. In young transgenics, Foxn1-positive
cells were observed throughout the basal layer of the epi-
dermis, infundibulum, and sebaceous gland (Figure 2J).
The sebaceous gland was the deepest site of transgene
expression, and thus, the transgene specifically targeted
Foxn1 to cells located near the skin surface. This Foxn1-
expressing population was far more extensive than that
of wild-type skin (Figure 2I), where epidermal Foxn1 ex-
pression was sporadic and marked the few keratinocytes
initiating terminal differentiation, as previously shown
(Baxter and Brissette, 2002; Janes et al., 2004; Lee
et al., 1999; Prowse et al., 1999). Thus, melanocytes local-
ized to and melanized sites of transgene activity.
To the naked eye, the transgenic coat was normal in
color, and hence by all appearances, the epidermis did
not gain melanin at the hair’s expense. At the histological
level, the transgenics possessed well-formed skin with
melanocyte-filled hair bulbs, fully pigmented hair shafts,
and normal follicle densities (Figures 2E and 2F). Thus, ec-
topic Foxn1 expression did not block the migration of me-
lanocytes into the follicles or disrupt follicle development
such that melanocytes became stranded in the epidermis.
Rather, the transgene seemed to broaden the actions of
the pigmentary system and, in effect, make the system
more human-like. By misexpressing Foxn1, the epidermis
joined the hair as a target for melanization, and the melano-
cyte population reorganized to match its expanded target.Pigmentation and the Loss of Foxn1 Function
Mice possess over 100 genes known to affect pigmenta-
tion, but to our knowledge, Foxn1 has never been viewed
as a ‘‘pigmentation gene,’’ as there have been no reports
of pigmentary defects in nude mice. Despite their hairless
appearance, nude mice produce hair follicles that are
largely normal, as the follicles exhibit proper internal orga-
nization, reach developmental maturity, generate all stan-
dard cell types, and grow hair shafts (reviewed in Mecklen-
burg et al., 2005). Nude hair shafts fail to become visible
because they lack rigidity. Upon exiting the inner root
sheath (a step just prior to exiting the follicle), nude hairs
bend, coil, and break into segments. This lack of rigidity
seems to result, at least in part, from a deficiency in certain
hair keratins (Meier et al., 1999; Schlake et al., 2000). As
nude skin develops and matures, melanocytes exhibit nor-
mal behavior, as they follow their usual migration routes
and enter every hair follicle. Thus, Foxn1 is not required
for the initial stages of pigmentary system development,
when melanocytes colonize the skin.
To determine whether Foxn1 affects later stages, we
examined the pigmentation of mature nude hair follicles.
As shown in Figure 3, pigmentary defects dramatically
Figure 3. Foxn1 Is Essential for Pigmentation of the Hair
Cortex
Hair follicles are shown from wild-type (WT; Foxn1+/) and nude
(Foxn1/) littermates (1 month old). Melanin (black-brown) was
stained by the Masson-Fontana technique. The mouse strain carries
a targeted disruption of Foxn1 (Nehls et al., 1996). Identical results
were obtained with a spontaneous nude mutation (Foxn1nu) on a
C57BL/6 background (data not shown). Abbreviations are as follows:
C, cortex; M, medulla. The scale bar represents 20 mm.Cell 130, 932–942, September 7, 2007 ª2007 Elsevier Inc. 935
Figure 4. Foxn1 Specifies Melanocyte Target Sites
The epidermis and underlying tissue are shown from a 2-week-old Krt5-Foxn1 mouse. All panels show the same region of skin.
(A) Fluorescence microscopy. The exogenous Foxn1 (red) and the melanocyte marker Tyrp1 (green) were stained by immunofluorescence. DNA was
counterstained (blue).
(B) Brightfield microscopy. Melanin (black-brown) is shown without Masson-Fontana staining.
(C) Inverted image of panel (B). Melanin appears white.
(D) Merged image of panels (A) and (C). Arrowheads mark boundaries between Foxn1-positive and Foxn1-negative regions of the basal layer. The
scale bar represents 25 mm.emerged during the second hair cycle. At this time, wild-
type hair follicles produced a cortex that was richly and
uniformly pigmented (upper panel). In contrast, nude folli-
cles developed little if any cortical pigmentation, as mela-
nin granules were sparse and unevenly distributed among
cortical cells (lower panel). This lack of cortical pigment
did not result from a failure of cortical cells to differentiate,
as the nude precortex produced the hair keratin Krt31
(mHa1) and the AE13 antigen (Figures S3A–S3D), markers
of cortical differentiation (Langbein et al., 1999; Lynch
et al., 1986). Moreover, the nude pigmentation defect did
not result from any obvious defect in the melanocytes. The
nude melanocytes migrated to their normal position in the
hair bulb (Figures S3E–S3H), generated clusters com-
posed of numerous cells, produced pigment, and trans-
ferred this pigment to premedullary cells. Consequently,
a well-melanized medulla always developed next to the
unmelanized nude cortex (Figure 3, lower panel). Hence,
the nude melanocytes were fully functional pigment do-
nors. As cortical cells specifically express Foxn1 (Figure 1),
the lack of cortical pigment presumably resulted from a
defect in the cortical epithelium itself. Thus, the loss of
Foxn1 function blocked the melanization of an epithelial
structure. Conversely, a gain of Foxn1 function (the Krt5-
Foxn1 transgene) induced the melanization of new epithe-
lial sites. These results demonstrate that Foxn1 turns
epithelial cells into pigment recipients and that it does so
(at least in part) by causing melanocytes to melanize these
cells.936 Cell 130, 932–942, September 7, 2007 ª2007 Elsevier Inc.Changes in Foxn1 and Pigmentation with Time
As nude hair lacked pigment in the cortex only, the endog-
enous Foxn1 affected the pigmentation of its host cells
only and thus generated pigment recipients directly and
specifically. Over time, the Krt5-Foxn1 transgene dis-
played similarly specific effects on the coloration of epi-
dermal cells. As transgenic mice matured, the number of
transgene-expressing cells declined, producing an epi-
dermis in which Foxn1-positive cells (Figure 4, red stain-
ing) were scattered within an otherwise Foxn1-negative
basal layer. As the distribution of Foxn1 changed, the dis-
tribution of melanocytes changed in parallel. Melanocytes
(Figure 4, green staining) disappeared from Foxn1-nega-
tive regions and localized to the remaining Foxn1-positive
basal cells. These Foxn1-positive keratinocytes were then
preferentially melanized, causing pigment to be redistrib-
uted toward the transgene-expressing cells and away
from their Foxn1-negative keratinocyte neighbors (Fig-
ure 4). Thus, as the basal layer became a mixture of
Foxn1-positive and Foxn1-negative keratinocytes, mela-
nocytes and their pigment were targeted to the Foxn1-
positive cells. The Foxn1-negative regions reverted to
their normal unpigmented state, and epidermal pigmenta-
tion became spotty, like the activity of the transgene.
FOXN1 in Human Skin
Humans appear to possess four major classes of pigment
recipients, as melanocytes form extensive connections
with two types of epidermal cells—the keratinocytes of
the basal and first suprabasal layers (Holbrook, 1991)—
and two types of follicular cells—the precursors of the
hair cortex and medulla (Montagna and Parakkal, 1974).
The human precortex is known to express FOXN1 (Frank
et al., 1999), consistent with the hair defects of human
FOXN1 mutants. To assess epidermal FOXN1 activity, we
stained normal human skin for FOXN1 by immunofluores-
cence (Figure 5). FOXN1 was detected in numerous supra-
basal keratinocytes, and the first suprabasal layer was uni-
formly FOXN1-positive. FOXN1 was also found in a subset
of basal keratinocytes. Thus, in humans as in mice, FOXN1
is associated with pigment recipient populations.
Foxn1 and Fgf2
To induce the pigmentation of an epithelium, Foxn1 must
activate the transmission of signals from epithelial cells to
melanocytes. While many proteins may contribute to this
signaling, one good candidate was Fgf2 (fibroblast growth
factor-2), which is not produced by normal melanocytes
(Halaban et al., 1988) but has potent effects on their be-
havior. In culture, Fgf2 induces a variety of ‘‘propigmenta-
tion’’ cell responses, as depending on the experimental
system it promotes pigment cell proliferation (Halaban
et al., 1987; Herlyn et al., 1988; Hirobe, 1992; Zhang et al.,
1997), differentiation (Pla et al., 2004; Stocker et al., 1991;
Yamane et al., 1999), survival (Alanko et al., 1999; Halaban
et al., 1987; Oka et al., 2004), melanogenic activity (Imo-
kawa and Motegi, 1993; Puri et al., 1996), or chemotaxis
(Horikawa et al., 1995). Though less is known about its
role in animal coloration, Fgf2 can act as an attractant for
migrating melanoblasts in avian embryos (Scho¨fer et al.,
2001), implicating it in the organization of the pigmentary
system. Moreover, it has been shown in culture that kera-
tinocytes signal to melanocytes via Fgf2 and that this sig-
naling promotes melanocyte multiplication and survival
(Halaban et al., 1988). In developing skin, the expression
pattern of Fgf2 overlaps with that of Foxn1, as Fgf2 is pres-
ent in the suprabasal layers of the epidermis and the differ-
entiating hair shaft immediately superficial to the follicular
papilla (Gonzalez et al., 1990). Hence, we determined
whether Fgf2 constitutes one of the signals activated by
Figure 5. FOXN1 Is Expressed in Melanocyte Target Cells of
Human Epidermis
FOXN1 (red) was stained in normal adult human skin by immunofluo-
rescence. DNA staining is blue. Arrowheads mark the dermal-epider-
mal border. The scale bar represents 25 mm.CFoxn1. As shown by immunofluorescence, Foxn1 strongly
induced Fgf2 in patches of transgenic epidermis (Figures
6A and 6B). This epidermal Fgf2 was located primarily in
the basal layer, the site of transgene expression. As shown
by ELISA, transgenic keratinocytes secreted 6-fold more
Fgf2 into culture medium than wild-type keratinocytes
(Figure 6C), consistent with the upregulation of Fgf2 ob-
served in skin. Thus, the expression of Foxn1 produced
an increase in the levels and secretion of Fgf2.
Though many genes are known to lie downstream from
Foxn1 (Baxter and Brissette, 2002; Brissette et al., 1996;
Janes et al., 2004; Johns et al., 2005; Meier et al., 1999;
Prowse et al., 1999; Schlake and Boehm, 2001), the direct
targets of Foxn1 have never been identified. As target
genes may be distinguished by their immediate response
to a transcription factor, we infected primary keratinocytes
with a Foxn1-expressing adenovirus and measured the
Fgf2 transcript at early times post-infection. As shown in
Figure 6D, Foxn1 strongly induced Fgf2 mRNA, and this
induction was evident after only 8 hr of infection. Thus,
an increase in Foxn1 produced a rapid corresponding in-
crease in the Fgf2 transcript, consistent with a direct acti-
vation mechanism. To determine whether Foxn1 binds to
cis elements of Fgf2, we screened the Fgf2 locus for
Foxn1-DNA complexes by chromatin immunoprecipita-
tion (ChIP). These assays were performed with virus-
infected keratinocytes under the same conditions that
stimulated the Fgf2 transcript. In all, 37 Fgf2 regions
were assayed, each of which was noncoding and was
either proximal to the transcription start site or distal but
conserved in human FGF2 (R70% identity over 100 bp).
Of these 37 sites, two sites bound the Foxn1 protein (Fig-
ures 6E and 6F). Site 1 was located immediately upstream
from the core promoter, while site 2 was in an intronic re-
gion conserved in humans. Thus, an increase in Fgf2 ex-
pression correlated with the binding in cis of Foxn1. These
results identify Fgf2 as a Foxn1 target gene.
To determine whether Fgf2 mediates Foxn1’s effects on
pigmentation, we inhibited Fgf2 function in Krt5-Foxn1
mice. Antibodies to Fgf2 were injected subcutaneously
during the first week after birth, the time at which the me-
lanocyte lineage normally leaves the epidermis and enters
the hair follicles. Two different antibodies to Fgf2—each of
which neutralizes Fgf2 activity (see Experimental Proce-
dures)—were tested on separate animals. The two anti-
bodies produced the same result. Following Fgf2 neutral-
ization, the transgenic epidermis experienced a significant
decline in its pigment cell population, as fewer pigment
cells were found in both the basal and suprabasal layers
(Figures 6G and 6H). In contrast, follicular pigment cells
seemed unaffected by the neutralizing antibodies, as
transgenic hair bulbs acquired their normal clusters of me-
lanocytes (Figure S4). Thus, when Fgf2 was inhibited, the
transgenic phenotype was partially rescued or normal-
ized: melanocytes disappeared from the epidermis but
colonized the hair follicles, causing transgenic skin to be-
come more like wild-type. These results establish Fgf2 as
an effector of Foxn1 in the control of pigmentation. Theell 130, 932–942, September 7, 2007 ª2007 Elsevier Inc. 937
Figure 6. Foxn1 Regulates Melanocyte Behavior via Fgf2
(A and B) Immunofluorescent staining of wild-type (A) and transgenic
(B) skin at P4. Fgf2 is shown in red.
(C) Measurement of protein secretion by ELISA. Graph shows Fgf2
levels in medium conditioned by wild-type (WT) or transgenic (Krt5-
Foxn1) primary keratinocytes. Results are from four independent
experiments.
(D) Measurement of transcripts by real-time RT-PCR. y axis shows
Fgf2 mRNA levels in keratinocytes infected with recombinant adenovi-
ruses. x axis shows time after the start of infection. Results are from
three independent experiments.
(E) ChIP analysis of Foxn1-DNA complexes. Graph shows outcomes
for two sites of the Fgf2 locus. Control assays using normal IgG precip-
itated negligible quantities of sites 1 and 2 (precipitated DNA was
below the threshold needed for quantitation). Results are from four
independent experiments.
(F) Schematic diagram of murine Fgf2. Sites assayed inE are indicated.
In panels (D) and (E), Ad is the empty viral vector; Ad-Foxn1 produces
full-length Foxn1 protein.
(G and H) TTA analysis of melanocyte localization following Fgf2 neu-
tralization. The epidermis and underlying tissue are shown from trans-
genic littermates. Tyrosinase-positive cells are red. Animals were in-
jected with vehicle (G) or antibodies to Fgf2 (H). Injections of normal
IgG produced the same result as injections of vehicle.938 Cell 130, 932–942, September 7, 2007 ª2007 Elsevier Inc.results further suggest that Fgf2 levels determine (at least
in part) whether the epidermis retains melanocytes.
Foxn1 and the Pigment Recipient Phenotype
In sum, while many proteins promote the development of
pigment donor cells, we report here the first protein that
promotes the development of pigment recipients. At par-
ticular sites in the skin, Foxn1 induces the melanization of
cells that contain it. Without Foxn1, these cells remain
unpigmented, as their melanocyte neighbors seemingly
ignore them. These results suggest a mechanism for the
morphogenesis of pigmentary interactions. To initiate
this mechanism, Foxn1 stimulates epithelial cells to emit
signals, one of which is Fgf2 (Figure 7). As a result of these
signals, melanocytes recognize the Foxn1-positive cells
as targets, connect to these targets via dendrites, and
transfer pigment. Hence, Foxn1 identifies pigment recipi-
ents and then recruits pigment donors, thereby generating
pigmentary units and ultimately a pigmented epithelium.
This mechanism appears necessary for the pigmentation
of the hair cortex and may serve as a model for the pig-
mentation of other epithelia.
The results further suggest a new view of melanized ep-
ithelial cells and their role in pigmentary system develop-
ment. As shown here, the pigmentation of Foxn1-positive
cells is largely self-driven and thus achieved through a dis-
tinct set of Foxn1-induced traits. Accordingly, we con-
clude that Foxn1 confers special properties on a cell—a
‘‘pigment recipient phenotype’’—through which the cell
engineers its own pigmentation. In essence, the pigment
recipients, like pigment donors, are specialized cells ded-
icated to a pigmentary function. Viewed in this way, the
recipients constitute a defined epithelial counterpart to
the melanocytes.
While Foxn1 is the first documented activator of the
recipient phenotype, we think it likely that other activators
exist and that other pathways confer or contribute to re-
cipient status. Under normal conditions in mice and hu-
mans, Foxn1 is present in roughly 50% of the epithelial
cells that receive pigment. In the hair follicle, Foxn1 is
present in cortical recipients but absent from medullary
recipients (Figure 1; Cunliffe et al., 2002; Frank et al., 1999;
Johns et al., 2005; Lee et al., 1999; Meier et al., 1999).
Likewise, in human epidermis, FOXN1 is present in supra-
basal recipients but absent from most (though not all)
basal recipients (Figure 5). Additionally, in murine eyelids,
Foxn1 is absent from the mucocutaneous junctional epi-
thelium, a strip-shaped area that normally receives pig-
ment from melanocytes and continues to receive pigment
when Foxn1 is knocked out or Fgf2 is neutralized (data not
shown). As such, Foxn1 may promote a substantial frac-
tion of animal pigmentation, as it appears active in half
the recipient cells analyzed to date. But at the same
In the four histological panels (A, B, G, and H), DNA is shown in blue,
and arrowheads mark the dermal-epidermal border. On the three
graphs (C–E), data are represented as mean ± SD. The scale bars rep-
resent, respectively, in (A) and (B), 20 mm; and (G) and (H), 25 mm.
time, Foxn1 cannot promote the pigmentation of all recip-
ient cells, raising the question of how Foxn1-negative
recipients acquire pigment. One possibility is that they
employ Kitl (Kit ligand). In mice, the production of Kitl can
induce keratinocyte pigmentation (Kunisada et al., 1998),
while the regulation of Kitl appears Foxn1-independent
(L.W., R.H., and J.L.B., unpublished). Hence, Kitl may
identify pigment recipients or activate a recipient pheno-
type, either in concert with Foxn1 or as an alternative to
it. The recipient phenotype may also arise in part through
the actions of Nog, Egfr, F2rl1, and derivatives of Pomc1,
as these proteins can promote the epithelial pigmentation
of animals in various circumstances (D’Orazio et al., 2006;
Fitch et al., 2003; Levine et al., 1991; Plikus et al., 2004;
Seiberg et al., 2000). As Foxn1-positive cells use specific
factors to drive their own pigmentation, we think it likely
that Foxn1-negative recipients do the same. We propose
therefore that the recipient phenotype, whether activated
by Foxn1 or other factors, represents a general mecha-
nism of epithelial melanization.
Based on the properties of pigment recipients, we infer
that the recipient phenotype plays two roles in the develop-
ment of the pigmentary system. One role is to confer spec-
ificity on pigmentary interactions. As melanocytes contact
many types of epithelial cells, the phenotype should pre-
vent erroneous cellular associations and restrict pigmen-
tary interactions to defined targets. The second role is to
provide a template or pattern for pigmentation. As shown
here, pigmentary patterns reflected the distribution of
Foxn1. When Foxn1 was inactivated, the pattern of color-
ation became simpler, as pigment was lost from an array
of repetitive structures (the cortical portions of hair shafts).
Conversely, when Foxn1 was produced at new sites,
the pattern of pigmentation became more complex, as
melanocytes melanized new structures along with their
normal targets. Hence, melanocytes arranged themselves
Figure 7. Model of Foxn1 Function in Skin
At the start of terminal differentiation, Foxn1 stimulates epithelial cells
(squares) to secrete Fgf2 and other molecular signals. In a site-depen-
dent manner, these signals promote up to two processes. One process
is pigmentation, as melanocytes (hexagon) form pigmentary units
with the Foxn1-positive cells. The second process is growth, as neigh-
boring cells multiply, which expands or renews the tissue. Within the
Foxn1-expressing cells, Foxn1 modulates the expression of differenti-
ation markers and prevents the mitogenic signals from feeding
back, enabling the cells to differentiate properly (indicated by keratin
filaments).Cto mirror the recipient population, and pigment was depos-
ited in recipient-defined locations. We suggest therefore
that the recipient phenotype performs a simple cutaneous
function: it instructs melanocytes where to place
pigment.
The recipient phenotype explains why melanocytes ap-
pear to be such discriminating pigment donors, an aspect
of melanocyte behavior that has been little appreciated
but plays a fundamental role in the patterning of pigmen-
tation. For example, as melanocytes develop in the hair
bulb, they are confronted with seven potential targets for
pigmentation, as they are surrounded by seven types of
epithelial cells: three types of hair cells, three types of inner
root sheath cells, and the undifferentiated cells of the hair
matrix. Yet of these seven potential targets, melanocytes
provide pigment to only two—the precursors of the hair
cortex and medulla. The other five types of epithelial cells
do not receive pigment, though they sit in close proximity
to the melanocytes. As the melanocytes transfer pigment
to some neighbors and not others, they seemingly discern
which neighbors constitute their true targets. The recipient
phenotype accounts for this behavior, as it provides a tar-
geting mechanism, enabling epithelial cells to signal to
melanocytes, ‘‘put pigment here.’’
Lastly, we note that Foxn1 promotes the development
of several epithelial tissues, and thus, that the Foxn1-
Fgf2 pathway is likely to serve additional purposes. It is
known that nude mutations impair the proliferation and
differentiation of cutaneous epithelial cells, though Foxn1
itself is associated with differentiating populations, not
proliferating ones (Baxter and Brissette, 2002; Brissette
et al., 1996; Lee et al., 1999; Prowse et al., 1999). When
differentiating cells overexpress Foxn1, neighboring cells
respond with hyperproliferation (Prowse et al., 1999).
Based on these findings, we proposed that Foxn1 has
dual effects: it promotes the terminal differentiation of an
epithelial cell and at the same time induces the cell to re-
lease growth factors; these growth factors promote the
division of neighboring cells, which facilitates the growth
or renewal (maintenance) of the epithelium (Prowse et al.,
1999). The results presented here support these ideas
(Figure 7). By inducing Fgf2 secretion, Foxn1 should pro-
mote epithelial cell proliferation, as Fgf2 is a known mito-
gen for keratinocytes (Bhora et al., 1995; O’Keefe et al.,
1988; Shipley et al., 1989). At the same time, Foxn1 seem-
ingly inhibits autocrine effects of Fgf2; as shown here, Fgf2
accumulated around sites of transgene expression, yet
the Foxn1-positive basal keratinocytes displayed no signs
of hyperproliferation (Figure 6B). Thus, Foxn1 appears to
perform complementary signaling functions—it induces
epithelial cells to secrete a mitogen and simultaneously
renders the secreting cells resistant to the mitogen’s
effects. Such actions are consistent with Foxn1 playing
a prodifferentiation role in an individual cell and a proprolif-
eration role for the surrounding epithelium.
In summary, the Foxn1 pathway provides a mechanism
by which epithelial tissues can coordinate their growth,
differentiation, and pigmentation. These actions shouldell 130, 932–942, September 7, 2007 ª2007 Elsevier Inc. 939
serve as a model for how different cell types work together
to generate a complex phenotype.
EXPERIMENTAL PROCEDURES
Transgenic Construct and Animals
The transgene expresses a murine Foxn1 cDNA containing the com-
plete coding sequence (nucleotides 97-2135; Nehls et al., 1994). A Ko-
zak sequence and Flag epitope tag were added to the translation start
site as described (Prowse et al., 1999). From 50 to 30, the construct
consists of the human keratin 5 promoter (0.9 kb; Ohtsuki et al., 1992),
rabbit b-globin intron (0.75 kb; Saitou et al., 1995), Foxn1 cDNA, and
human keratin 14 polyadenylation site (0.5 kb; Vassar et al., 1989).
The linearized transgenic construct was injected into fertilized
oocytes from DBA x C57BL/6 F1 hybrid mice at the CBRC Transgenic
Core Facility. Transgenic animals were identified by PCR analysis of
tail DNA; primers corresponded to nucleotides 774-796 and 1449-
1470 of the Foxn1 cDNA. Transgenic lines were established and main-
tained by backcrossing to C57BL/6 mice. All animal studies were
conducted under IACUC-approved protocols.
Recombinant Adenoviruses
A Foxn1-expressing adenovirus was generated using the AdEasy
Vector System (MP Biomedicals) and the packaging cell line AD-293
(Stratagene). The viral construct (Ad-Foxn1) expresses the same
Flag-tagged Foxn1 cDNA as the Krt5-Foxn1 transgene. Virus was
prepared according to the instructions of the AdEasy system’s manu-
facturer. Viral stocks were purified by double centrifugation on cesium
chloride gradients and desalted using PD-10 columns (Amersham
Biosciences).
Cultivation and Manipulation of Primary Keratinocytes
Keratinocytes were prepared from newborn mice and grown to conflu-
ence at 33.5C in minimal essential medium with 50 mM CaCl2, 4%
chelex-treated fetal calf serum, and 2.5 ng/ml epidermal growth factor.
When cultures were generated from transgenic lines, pups were
genotyped before cells were extracted from the skin.
Recombinant adenoviruses were used with primary keratinocytes
derived from Swiss Webster pups. Infections were performed at ap-
proximately 1000 m.o.i. in a minimal volume of serum-free keratinocyte
medium. After one hour, complete medium was added to the cultures.
To determine infection efficiencies, living cultures were examined for
fluorescence from the green fluorescent protein, which was produced
by the viruses. In each experiment, the viruses infected 95%–100% of
the cells.
Histological Analysis, Immunofluorescence,
and Tyrosinase Assays
Melanin was stained using the Masson-Fontana technique (Stevens
and Chalk, 1996). Nuclear fast red was the counterstain.
For immunofluorescent analyses, frozen sections were fixed with
either 1:1 methanol:acetone (Foxn1, Krt31, AE13, and Tyrp1 staining)
or 1% methanol-free buffered formaldehyde (Fgf2 and Kit staining)
as described (Han et al., 2002). Staining reactions used either a goat
polyclonal antibody to Foxn1 (WHN G-20; Santa Cruz Biotechnology),
rabbit polyclonal antibody to Fgf2 (H-131; Santa Cruz Biotechnology),
guinea pig polyclonal to Krt31 (hHa1; PROGEN Biotechnik), rabbit
polyclonal to Tyrp1 (aPEP1, the gift of V. Hearing; Virador et al.,
2001), biotinylated rat monoclonal antibody to Kit (2B8; PharMingen/
BD Biosciences), or the mouse monoclonal AE13 (the gift of T-T.
Sun; Lynch et al., 1986). Foxn1 and Krt31 were stained using the pro-
tocol described in Weiner and Green (1998), except that sections were
re-hydrated with 0.1% NP-40 in phosphate-buffered saline (PBS)
before the addition of the first blocking solution (5% bovine serum
albumin (BSA) in PBS). The staining protocol was modified further for940 Cell 130, 932–942, September 7, 2007 ª2007 Elsevier Inc.the detection of AE13 antigen, Tyrp1, Fgf2, and Kit. These modifica-
tions are described in the Supplemental Data.
Tyramide-based tyrosinase assay (TTA) was performed as
described (Han et al., 2002) on formaldehyde-fixed frozen sections.
Biopsies were removed from the back for all analyses of haired skin.
Protein and RNA Quantitation
Fgf2 protein was measured by solid phase ELISA in medium condi-
tioned by primary keratinocytes. The conditioned medium was pre-
pared by washing cultures once with serum-free keratinocyte medium
and then incubating the cultures for 24 hr in the serum-free medium.
Following collection of the medium, cellular debris was removed by
centrifugation (200xg for 5 min. at 4C) and filtration of the supernatant
(0.45 mm SFCA syringe filter; Corning, Inc.). The medium was then
concentrated using an Amicon Ultra-15 Centrifugal Filter Unit with
a molecular weight cutoff of 5 K (Millipore). For buffer exchange, the
concentrate was washed twice with PBS in the filter unit. Samples
were maintained at 4C during the concentration and wash steps.
The final volume of each concentrate was approximately 1/50th the
starting volume of the medium. Concentrates were stored at 80C,
normalized for protein by Bradford assay, and added directly to the
ELISAs. ELISAs were performed with the Quantikine HS Fgf basic
Immunoassay Kit (R&D Systems) according to the manufacturer’s
instructions.
Fgf2 mRNA was measured by real-time RT-PCR in adenovirus-
infected cultures of wild-type primary keratinocytes. Total RNA was
isolated using the RNeasy Mini Kit (QIAGEN) and reverse transcribed
into cDNA using oligo-dT primers and the SuperScript III First Strand
Synthesis System for RT-PCR (Invitrogen). cDNA preparations were
then precipitated with ethanol and resuspended in 1X PCR Gold Buffer
(Applied Biosystems). PCR conditions are described in the Supple-
mental Data.
Neutralization of Cutaneous Fgf2
Mice were injected with a rabbit polyclonal antibody to bovine Fgf2
(R&D Systems), a goat polyclonal antibody to human Fgf2 (R&D Sys-
tems), normal rabbit IgG (Upstate Biotechnology), or PBS vehicle.
Each dose was injected subcutaneously on the dorsal side in a volume
of 0.1 ml. Animals received 1 mg of antibody per dose and were in-
jected for six consecutive days, starting on the day of birth (postpartum
stages P0-P5). On P6, dorsal skin was harvested and fixed in 1%
methanol-free buffered formaldehyde. Samples were then snap-fro-
zen in O.C.T. compound, sectioned, and analyzed for melanocytes
by TTA (Han et al., 2002).
The two Fgf2 antibodies were shown to neutralize Fgf2 by the man-
ufacturer. Under the manufacturer’s assay conditions, the antibodies
displayed ND50s of 1-2 mg/ml.
Chromatin Immunoprecipitation Assays
Adenovirus-infected keratinocytes were treated with formaldehyde to
crosslink protein-DNA complexes. Chromatin was isolated, frag-
mented, and immunoprecipitated with antibodies to Flag. Crosslinks
were reversed, and precipitated genomic sites were quantitated by
real-time PCR. A detailed protocol is provided in the Supplemental
Data.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, and four figures and can be found with
this article online at http://www.cell.com/cgi/content/full/130/5/932/
DC1/.
ACKNOWLEDGMENTS
We thank M. Blumenberg for the KRT5 promoter, G.P. Dotto for assis-
tance with the construction of adenoviruses, N. Jiang for transgenic
injections, T.-T. Sun for the AE13 antibody, V. Hearing for the Tyrp1
antibody, R. Baxter for analyses of transgene expression in culture, M.
Constant for Masson-Fontana staining, H.P. Baden for helpful discus-
sions, C. Klein and D.M. Prowse for construction of the KRT5 expres-
sion vector, and two anonymous reviewers for helpful suggestions.
This work was supported by a grant from the National Institutes of
Health (AR045284) to J.L.B. J.L.B. was also funded by the Cutaneous
Biology Research Center through the Massachusetts General Hospi-
tal/Shiseido Co. Ltd. Agreement. R.H. was supported in part by the
U.S. Army Medical Research and Materiel Command Breast Cancer
Research Program.
Received: March 3, 2007
Revised: May 28, 2007
Accepted: July 13, 2007
Published: September 6, 2007
REFERENCES
Alanko, T., Rosenberg, M., and Saksela, O. (1999). FGF expression
allows nevus cells to survive in three-dimensional collagen gel under
conditions that induce apoptosis in normal human melanocytes.
J. Invest. Dermatol. 113, 111–116.
Baxter, R.M., and Brissette, J.L. (2002). Role of the nude gene in epi-
thelial terminal differentiation. J. Invest. Dermatol. 118, 303–309.
Bhora, F.Y., Dunkin, B.J., Batzri, S., Aly, H.M., Bass, B.L., Sidawy,
A.N., and Harmon, J.W. (1995). Effect of growth factors on cell prolif-
eration and epithelialization in human skin. J. Surg. Res. 59, 236–244.
Brissette, J.L., Li, J., Kamimura, J., Lee, D., and Dotto, G.P. (1996). The
product of the mouse nude locus, Whn, regulates the balance between
epithelial cell growth and differentiation. Genes Dev. 10, 2212–2221.
Cunliffe, V.T., Furley, A.J., and Keenan, D. (2002). Complete rescue of
the nude mutant phenotype by a wild-type Foxn1 transgene. Mamm.
Genome 13, 245–252.
D’Orazio, J.A., Nobuhisa, T., Cui, R., Arya, M., Spry, M., Wakamatsu,
K., Igras, V., Kunisada, T., Granter, S.R., Nishimura, E.K., et al.
(2006). Topical drug rescue strategy and skin protection based on
the role of Mc1r in UV-induced tanning. Nature 443, 340–344.
Fitch, K.R., McGowan, K.A., van Raamsdonk, C.D., Fuchs, H., Lee, D.,
Puech, A., Herault, Y., Threadgill, D.W., Hrabe de Angelis, M., and
Barsh, G.S. (2003). Genetics of dark skin in mice. Genes Dev. 17,
214–228.
Flanagan, S.P. (1966). ‘‘Nude’’, a new hairless gene with pleiotropic
effects in the mouse. Genet. Res. 8, 295–309.
Frank, J., Pignata, C., Panteleyev, A.A., Prowse, D.M., Baden, H.,
Weiner, L., Gaetaniello, L., Ahmad, W., Pozzi, N., Cserhalmi-Friedman,
P.B., et al. (1999). Exposing the human nude phenotype. Nature 398,
473–474.
Gonzalez, A.M., Buscaglia, M., Ong, M., and Baird, A. (1990). Distribu-
tion of basic fibroblast growth factor in the 18-day rat fetus: localization
in the basement membranes of diverse tissues. J. Cell Biol. 110, 753–
765.
Halaban, R., Ghosh, S., and Baird, A. (1987). bFGF is the putative nat-
ural growth factor for human melanocytes. In Vitro Cell. Dev. Biol. 23,
47–52.
Halaban, R., Langdon, R., Birchall, N., Cuono, C., Baird, A., Scott, G.,
Moellmann, G., and McGuire, J. (1988). Basic fibroblast growth factor
from human keratinocytes is a natural mitogen for melanocytes. J. Cell
Biol. 107, 1611–1619.
Han, R., Baden, H.P., Brissette, J.L., and Weiner, L. (2002). Redefining
the skin’s pigmentary system with a novel tyrosinase assay. Pigment
Cell Res. 15, 290–297.
Herlyn, M., Mancianti, M.L., Jambrosic, J., Bolen, J.B., and Koprowski,
H. (1988). Regulatory factors that determine growth and phenotype of
normal human melanocytes. Exp. Cell Res. 179, 322–331.CHirobe, T. (1992). Basic fibroblast growth factor stimulates the sus-
tained proliferation of mouse epidermal melanoblasts in a serum-free
medium in the presence of dibutyryl cyclic AMP and keratinocytes.
Development 114, 435–445.
Holbrook, K.A. (1991). Structure and development of the skin. In Path-
ophysiology of Dermatologic Diseases, N.A. Soter and H. Baden, eds.
(New York: McGraw-Hill, Inc.), pp. 3–45.
Horikawa, T., Norris, D.A., Yohn, J.J., Zekman, T., Travers, J.B., and
Morelli, J.G. (1995). Melanocyte mitogens induce both melanocyte
chemokinesis and chemotaxis. J. Invest. Dermatol. 104, 256–259.
Imokawa, G., and Motegi, I. (1993). Skin organ culture model for exam-
ining epidermal melanization. J. Invest. Dermatol. 100, 47–54.
Janes, S.M., Ofstad, T.A., Campbell, D.H., Watt, F.M., and Prowse,
D.M. (2004). Transient activation of FOXN1 in keratinocytes induces
a transcriptional programme that promotes terminal differentiation:
contrasting roles of FOXN1 and Akt. J. Cell Sci. 117, 4157–4168.
Johns, S.A., Soullier, S., Rashbass, P., and Cunliffe, V.T. (2005). Foxn1
is required for tissue assembly and desmosomal cadherin expression
in the hair shaft. Dev. Dyn. 232, 1062–1068.
Ko¨pf-Maier, P., Mboneko, V.F., and Merker, H.J. (1990). Nude mice are
not hairless. A morphological study. Acta Anat. (Basel) 139, 178–190.
Kunisada, T., Yoshida, H., Yamazaki, H., Miyamoto, A., Hemmi, H.,
Nishimura, E., Shultz, L.D., Nishikawa, S., and Hayashi, S. (1998).
Transgene expression of steel factor in the basal layer of epidermis
promotes survival, proliferation, differentiation and migration of mela-
nocyte precursors. Development 125, 2915–2923.
Langbein, L., Rogers, M.A., Winter, H., Praetzel, S., Beckhaus, U.,
Rackwitz, H.R., and Schweizer, J. (1999). The catalog of human hair
keratins. I. Expression of the nine type I members in the hair follicle.
J. Biol. Chem. 274, 19874–19884.
Lee, D., Prowse, D.M., and Brissette, J.L. (1999). Association between
mouse nude gene expression and the initiation of epithelial terminal
differentiation. Dev. Biol. 208, 362–374.
Levine, N., Sheftel, S.N., Eytan, T., Dorr, R.T., Hadley, M.E., Weinrach,
J.C., Ertl, G.A., Toth, K., McGee, D.L., and Hruby, V.J. (1991). Induction
of skin tanning by subcutaneous administration of a potent synthetic
melanotropin. JAMA 266, 2730–2736.
Lynch, M.H., O’Guin, W.M., Hardy, C., Mak, L., and Sun, T.-T. (1986).
Acidic and basic hair/nail (‘‘hard’’) keratins: Their colocalization in up-
per cortical and cuticle cells of the human hair follicle and their relation-
ship to ‘‘soft’’ keratins. J. Cell Biol. 103, 2593–2606.
Mecklenburg, L., Paus, R., Halata, Z., Bechtold, L.S., Fleckman, P.,
and Sundberg, J.P. (2004). FOXN1 is critical for onycholemmal termi-
nal differentiation in nude (Foxn1) mice. J. Invest. Dermatol. 123, 1001–
1011.
Mecklenburg, L., Tychsen, B., and Paus, R. (2005). Learning from
nudity: lessons from the nude phenotype. Exp. Dermatol. 14, 797–810.
Meier, N., Dear, T.N., and Boehm, T. (1999). Whn and mHa3 are com-
ponents of the genetic hierarchy controlling hair follicle differentiation.
Mech. Dev. 89, 215–221.
Militzer, K., and Schwalenstocker, H. (1996). Postnatal and postpartal
morphology of the mammary gland in nude mice. J. Exp. Anim. Sci. 38,
1–12.
Montagna, W., and Parakkal, P.F. (1974). The Structure and Function
of Skin (New York: Academic Press, Inc.).
Nehls, M., Kyewski, B., Messerle, M., Waldschutz, R., Schu¨ddekopf,
K., Smith, A.J., and Boehm, T. (1996). Two genetically separable steps
in the differentiation of thymic epithelium. Science 272, 886–889.
Nehls, M., Pfeifer, D., Schorpp, M., Hedrich, H., and Boehm, T. (1994).
New member of the winged-helix protein family disrupted in mouse
and rat nude mutations. Nature 372, 103–107.ell 130, 932–942, September 7, 2007 ª2007 Elsevier Inc. 941
O’Keefe, E.J., Chiu, M.L., and Payne, R.E., Jr. (1988). Stimulation of
growth of keratinocytes by basic fibroblast growth factor. J. Invest.
Dermatol. 90, 767–769.
Ohtsuki, M., Tomic-Canic, M., Freedberg, I.M., and Blumenberg, M.
(1992). Nuclear proteins involved in transcription of the human K5 ker-
atin gene. J. Invest. Dermatol. 99, 206–215.
Oka, M., Kageyama, A., Fukunaga, M., Bito, T., Nagai, H., and
Nishigori, C. (2004). Phosphatidylinositol 3-kinase/Akt-dependent
and -independent protection against apoptosis in normal human
melanocytes. J. Invest. Dermatol. 123, 930–936.
Pantelouris, E.M. (1968). Absence of thymus in a mouse mutant.
Nature 217, 370–371.
Pla, P., Solov’eva, O., Moore, R., Alberti, C., Kunisada, T., and Larue, L.
(2004). Dct:lacZ ES cells: a novel cellular model to study melanocyte
determination and differentiation. Pigment Cell Res. 17, 142–149.
Plikus, M., Wang, W.P., Liu, J., Wang, X., Jiang, T.X., and Chuong,
C.M. (2004). Morpho-regulation of ectodermal organs: integument
pathology and phenotypic variations in K14-Noggin engineered mice
through modulation of bone morphogenic protein pathway. Am. J.
Pathol. 164, 1099–1114.
Prowse, D.M., Lee, D., Weiner, L., Jiang, N., Magro, C.M., Baden, H.P.,
and Brissette, J.L. (1999). Ectopic expression of the nude gene in-
duces hyperproliferation and defects in differentiation: implications
for the self-renewal of cutaneous epithelia. Dev. Biol. 212, 54–67.
Puri, N., van der Weel, M.B., de Wit, F.S., Asghar, S.S., Das, P.K.,
Ramaiah, A., and Westerhof, W. (1996). Basic fibroblast growth factor
promotes melanin synthesis by melanocytes. Arch. Dermatol. Res.
288, 633–635.
Saitou, M., Sugai, S., Tanaka, T., Shimouchi, K., Fuchs, E., Narumiya,
S., and Kakizuka, A. (1995). Inhibition of skin development by targeted
expression of a dominant-negative retinoic acid receptor. Nature 374,
159–162.
Schlake, T., and Boehm, T. (2001). Expression domains in the skin of
genes affected by the nude mutation and identified by gene expression
profiling. Mech. Dev. 109, 419–422.
Schlake, T., Schorpp, M., Maul-Pavicic, A., Malashenko, A.M., and
Boehm, T. (2000). Forkhead/winged-helix transcription factor Whn
regulates hair keratin gene expression: molecular analysis of the
nude skin phenotype. Dev. Dyn. 217, 368–376.
Schlake, T., Schorpp, M., Nehls, M., and Boehm, T. (1997). The nude
gene encodes a sequence-specific DNA binding protein with homo-
logs in organisms that lack an anticipatory immune system. Proc.
Natl. Acad. Sci. USA 94, 3842–3847.
Scho¨fer, C., Frei, K., Weipoltshammer, K., and Wachtler, F. (2001). The
apical ectodermal ridge, fibroblast growth factors (FGF-2 and FGF- 4)
and insulin-like growth factor I (IGF-I) control the migration of epider-942 Cell 130, 932–942, September 7, 2007 ª2007 Elsevier Inc.mal melanoblasts in chicken wing buds. Anat. Embryol. (Berl.) 203,
137–146.
Schorpp, M., Hofmann, M., Dear, T.N., and Boehm, T. (1997). Charac-
terization of mouse and human nude genes. Immunogenetics 46, 509–
515.
Schu¨ddekopf, K., Schorpp, M., and Boehm, T. (1996). The whn tran-
scription factor encoded by the nude locus contains an evolutionarily
conserved and functionally indispensable activation domain. Proc.
Natl. Acad. Sci. USA 93, 9661–9664.
Seiberg, M., Paine, C., Sharlow, E., Andrade-Gordon, P., Costanzo,
M., Eisinger, M., and Shapiro, S.S. (2000). The protease-activated re-
ceptor 2 regulates pigmentation via keratinocyte-melanocyte interac-
tions. Exp. Cell Res. 254, 25–32.
Shipley, G.D., Keeble, W.W., Hendrickson, J.E., Coffey, R.J., Jr., and
Pittelkow, M.R. (1989). Growth of normal human keratinocytes and
fibroblasts in serum-free medium is stimulated by acidic and basic
fibroblast growth factor. J. Cell. Physiol. 138, 511–518.
Slominski, A., Tobin, D.J., Shibahara, S., and Wortsman, J. (2004).
Melanin pigmentation in mammalian skin and its hormonal regulation.
Physiol. Rev. 84, 1155–1228.
Stevens, A., and Chalk, B.T. (1996). Pigments and minerals. In Theory
and Practice of Histological Techniques, J.D. Bancroft and A. Stevens,
eds. (New York: Churchill Livingstone), pp. 243–267.
Stocker, K.M., Sherman, L., Rees, S., and Ciment, G. (1991). Basic
FGF and TGF-beta 1 influence commitment to melanogenesis in neural
crest-derived cells of avian embryos. Development 111, 635–645.
Vassar, R., Rosenberg, M., Ross, S., Tyner, A., and Fuchs, E. (1989).
Tissue-specific and differentiation-specific expression of a human
K14 keratin gene in transgenic mice. Proc. Natl. Acad. Sci. USA 86,
1563–1567.
Virador, V., Matsunaga, N., Matsunaga, J., Valencia, J., Oldham, R.J.,
Kameyama, K., Peck, G.L., Ferrans, V.J., Vieira, W.D., Abdel-Malek,
Z.A., and Hearing, V.J. (2001). Production of melanocyte-specific anti-
bodies to human melanosomal proteins: expression patterns in normal
human skin and in cutaneous pigmented lesions. Pigment Cell Res. 14,
289–297.
Weiner, L., and Green, H. (1998). Basonuclin as a cell marker in the
formation and cycling of the murine hair follicle. Differentiation 63,
263–272.
Yamane, T., Hayashi, S., Mizoguchi, M., Yamazaki, H., and Kunisada,
T. (1999). Derivation of melanocytes from embryonic stem cells in
culture. Dev. Dyn. 216, 450–458.
Zhang, J.M., Hoffmann, R., and Sieber-Blum, M. (1997). Mitogenic and
anti-proliferative signals for neural crest cells and the neurogenic
action of TGF-beta1. Dev. Dyn. 208, 375–386.
